The statins, a class of HMG-CoA reductase inhibitors, directly affect multiple vascular processes via inhibition of geranylgeranylation, a covalent modification essential for Rho GTPase interaction with cell membrane-bound activators. We explored simvastatin effects on endothelial cell actomyosin contraction, gap formation, and barrier dysfunction produced by the edemagenic agent, thrombin. Human pulmonary artery endothelial cells exposed to prolonged simvastatin treatment (5 M, 16 h) demonstrated significant reductions in thrombin-induced (1 U/ml) barrier dysfunction ‫ف(‬ 70% inhibition) with accelerated barrier recovery, as measured by transendothelial resistance. Furthermore, simvastatin attenuated basal and thrombin-stimulated (1 U/ml, 5 min) myosin light chain diphosphorylation and stress fiber formation while dramatically increasing peripheral immunostaining of actin and cortactin, an actin-binding protein, in conjunction with increased Rac GTPase activity. As both simvastatininduced Rac activation and barrier protection were delayed (maximal after 16 h), we assessed the role of gene expression and protein translation in the simvastatin response. Simultaneous treatment with cycloheximide (10 g/ml, 16 h) abolished simvastatin-mediated barrier protection. Robust alterations were noted in the expression of cytoskeletal proteins (caldesmon, integrin ␤4), thrombin regulatory elements (PAR-1, thrombomodulin), and signaling genes (guanine nucleotide exchange factors) in response to simvastatin by microarray analysis. These novel observations have broad clinical implications in numerous vascular pathobiologies characterized by alterations in vascular integrity including inflammation, angiogenesis, and acute lung injury.
yet to be considered, including pulmonary hypertension (8) , a disease characterized by EC proliferation and vascular remodeling, and acute lung injury, a disease defined by excessive vascular permeability.
Vascular EC regulate solute transport between vascular compartments and surrounding tissues functioning as a semipermeable cellular barrier dynamically regulated by the cytoskeleton (9) . Several models of enhanced vascular permeability have underscored the critical role of the balance between complex tethering forces (cell-cell, cell-matrix interactions) and cellular contractile forces involving ratcheting of bonds between actin and myosin resulting in actin stress fiber formation and increased tension (10) . Increased cellular contraction is catalyzed by the phosphorylation of myosin light chains (MLC), a consequence of the coordinate activation of Rho GTPase with subsequent activation of its target effector Rho kinase and Ca 2ϩ /calmodulin-dependent EC MLC kinase (MLCK) (11) . Cell contraction ultimately results in cell rounding and paracellular gap formation, key determinants of barrier dysfunction and increased vascular permeability (9) .
The statins inhibit prenylation, a covalent modification involving the addition of either farnesyl (15-carbon) or geranylgeranyl (20-carbon) side chains. One product of the prenylation pathway is cholesterol, however, activation of the Rho family GTPases, such as Rho and Rac, is also dependent on this modification. These small GTPases act as molecular switches controlling various cellular events, including actomyosin rearrangement, by cycling between GTP-bound (active) and GDP-bound (inactive) states. GTPase activation is strongly reliant on geranylgeranylation and subsequent translocation to the cell membrane. Despite evidence of Rho inhibition (5, 12) , statin effects on EC cytoskeletal rearrangement and barrier regulation remain poorly characterized. We hypothesized that simvastatin confers endothelial cell barrier protection via early inhibitory effects on Rho proteins with subsequent passive relaxation of the cytoskeleton. Our results now indicate, however, profound delayed effects of simvastatin on not only Rho, but active Rac-dependent actin rearrangement, barrier regulation, and cytoskeletal gene expression in human lung endothelium.
Materials and Methods

Materials and Reagents
Unless otherwise specified, reagents were obtained from Sigma (St. Louis, MO). Rabbit anti-diphosphorylated MLC antibody was produced as previously described (13) . Rabbit anti-MLC antibody (Sigma), horseradish peroxidase-linked anti-mouse and anti-rabbit antibodies (Cell Signaling Technology, Beverly, MA), mouse anti-cortactin antibody (Upstate Biotechnology, Lake Placid, NY), mouse anti-integrin ␤4 antibody (Santa Cruz Biotechnology, Santa Cruz, CA), mouse anticaldesmon antibody (Sigma), rabbit anti-HA tag antibody (Santa Cruz Biotechnology), and Texas Red-conjugated phalloidin (Molecular Probes, Eugene, OR) were commercially obtained.
Cell Culture
Human pulmonary artery EC (HPAEC) were obtained from Clonetics (San Diego, CA), used at passages 3-8, and maintained in EGM-2 complete medium (Clonetics). Cells were incubated at 37ЊC in 5% CO 2 and 95% air.
Measurement of Transendothelial Electrical Resistance
HPAEC were grown to confluence over evaporated gold microelectrodes connected to a phase-sensitive lock-in amplifier as previously described (14) . Transendothelial electrical resistance (TER) was measured using an electrical cell-substrate impedance sensing system (ECIS; Applied BioPhysics Inc., Troy, NY). As cells adhere and spread out on the microelectrode, TER increases, whereas cell retraction, rounding, or loss of adhesion is reflected by a decrease in TER. These measurements provide a sensitive biophysical assay that indicates the state of cell shape and focal adhesion.
MLC Phosphorylation in Intact Endothelium
HPAEC were analyzed for MLC phosphorylation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by Western immunoblotting with antibody specific for diphosphorylated MLC as previously described (13) . Blots were scanned and quantitatively analyzed using ImageQuant software (v5.2; Amersham Biosciences, Piscataway, NJ).
Immunofluorescent Microscopy
Confluent HPAEC grown on coverslips were exposed to experimental conditions, fixed with 3.7% formaldehyde in phosphate-buffered saline at 4ЊC for 15 min, and permeabilized with 0.25% Triton X-100 for 15 min. After blocking with 2% bovine serum albumin in phosphatebuffered saline for 30 min, cells were exposed to primary antibodies of interest for 60 min. Fluorescently-tagged secondary antibodies were applied for 60 min in the dark. F-actin was detected by staining with Texas Red-conjugated phalloidin. Cells were imaged using a Nikon video-imaging system.
Rac GTPase Activity Assay
Determination of Rac activation (Rac-GTP) was performed as we previously described using a commercially available kit (Upstate Biotechnology, Inc., Lake Placid, NY) (15) .
Synthesis of cDNA and Hybridization Probes
Confluent HPAEC were suspended in 1 ml TRIzol (Life Technologies, Frederick, MD). Chloroform (0.2 ml) was added and samples briefly centrifuged at 4ЊC. Supernatant containing RNA was preserved and 0.5 ml isopropanol added followed by repeat centrifugation. Supernatant was again preserved and 100 l DEPC water and 200 l cold EtOH added. Before cDNA synthesis, RNA was purified using RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified by spectrophotometric analysis. Double-stranded cDNA was synthesized from total RNA and biotin-labeled cRNA prepared as previously described (16) .
Microarray Analysis
Expression profiling was performed (Affymetrix GeneChip system, Santa Clara, CA) in the Gene Expression Profiling Core of the JHU Center for Translational Respiratory Medicine as previously described (17) . Samples hybridized (45ЊC, 16 h) to an Affymetrix HGU95Av2 Array ‫ف(‬ 12,000 full-length genes), were stained with streptavidin-phycoerythrin conjugate, and then scanned with a Hewlett-Packard GeneArray Scanner. Affymetrix Microarray Suite software was used to determine relative gene expression. GeneSpring software (v5.0.2; Silicon Genetics, Redwood City, CA) and MAPPFinder (18) were used for microarray data analysis.
Statistical Analysis
ANOVA with a Student-Neuman-Keuls test was used to compare the means of data from two or more different experimental groups. Results are expressed as means Ϯ SD. Differences between groups were considered statistically significant when P Ͻ 0.05.
Results
Simvastatin Attenuates Thrombin-Induced Human Lung Endothelial Barrier Dysfunction
TER was used as a sensitive measure of EC monolayer integrity and barrier function. HPAEC incubated for 16 h in complete medium with simvastatin (5 M) exhibited TER values similar to vehicle-pretreated cells ‫ف(‬ 1 ⍀). However, simvastatin-pretreated monolayers demonstrated a marked reduction in the magnitude of thrombin-stimulated (1 U/ml) declines in TER ‫ف(‬ 70% reduction) and a more rapid recovery to baseline ‫ف(‬ 66% reduction in time to recovery) ( Figures 1A and 1B) . The duration of simvastatin treatment was an important determinant of this response as shorter durations (1 and 6 h) at similar concentrations Figure 1 . Effect of simvastatin on thrombin-induced barrier dysfunction. HPAEC were grown on gold microelectrodes to measure TER. Simvastatin (5 M, 16 h) did not alter basal TER. However, relative to vehicle controls, simvastatin-treated EC demonstrate a dramatic attenuation of TER decline after thrombin (1 U/ml) and a more rapid recovery to baseline (A ). Maximal simvastatin effect is observed at 20 min (B ) (n ϭ 5). Simvastatin effects on thrombin-induced barrier dysfunction were unaltered by L-NAME (100 M) 1 h before thrombin (1 U/ml) (C ).
failed to attenuate the thrombin response. As a result, overnight incubations (16 h) were used for subsequent experiments.
Recent literature suggests that the statins may produce vascular effects via increased NO synthase (NOS) activity and NO production (6, 7) . To evaluate the role of NOS in the barrierprotective effects of simvastatin, TER measurements were obtained in HPAEC pretreated with both simvastatin (5 M, 16 h) and L-NAME (100 M, 1 h), an NOS inhibitor, before thrombin stimulation (1 U/ml). Similar simvastatin-induced attenuation of the thrombin response was observed despite L-NAME addition, indicating that NOS inhibition does not alter the barrier-protective effects of simvastatin ( Figure 1C ).
Simvastatin Attenuates Thrombin-Induced EC MLC Phosphorylation
Thrombin-induced EC barrier disruption involves prominent rearrangement of the cytoskeleton with actin stress fiber formation and cellular contraction (9) . Stress fiber formation is driven by phosphorylated MLC, coordinately regulated by Rho kinase and MLCK. Accordingly, measurements of MLC phosphorylation allow characterization of changes in cytoskeletal regulation and contractility. HPAEC pretreated with varying concentrations of simvastatin (0.1-5 M, 16 h) were stimulated with thrombin (1 U/ml, 5 min) and MLC diphosphorylation determined by Western blotting using an antibody specific for diphosphorylated MLC ( Figure 2 ). These experiments revealed a clear concentrationdependent effect, as concentrations of 5 M or greater were required to significantly attenuate both basal and thrombin-induced MLC diphosphorylation (83% and 38% reductions, respectively). Of note, shorter durations of pretreatment with simvastatin (5 min and 2 h) did not significantly alter basal or thrombin-induced MLC phosphorylation.
Effect of Simvastatin on Actin Stress Fiber Formation and Rac Activation
Confluent EC under basal conditions exhibit few transcytoplasmic actin stress fibers, whereas stress fiber formation increases dramatically in response to thrombin in association with paracellular gaps (11) . HPAEC treated with simvastatin (5 M) demonstrated evidence of cytoskeletal rearrangement early (2 h), and prolonged treatment (16 h) resulted in significantly reduced stress fibers in association with markedly increased cortical actin. This relative paucity of stress fibers persisted following thrombin stimulation in simvastatin-treated cells with evidence of reduced numbers of paracellular gaps ( Figure 3A ). Our prior studies using diverse barrier-protective agents such as sphingosine 1-phosphate (Sph 1-P) (15) , hepatocyte growth factor (HGF) (19) , and shear stress (20) all demonstrate similar increases in cortical actin as we observed with simvastatin. As each of these stimuli are associated with Rac GTPase activation, we next assessed Rac activation in simvastatin-treated (5 M) HPAEC. Unlike HGF and Sph 1-P, brief (5 min) simvastatin treatment did not alter basal levels of Rac activation; however, significant increases in Rac-GTP were appreciable at 16 h ‫ف(‬ 82% increase) ( Figure 3B ).
Role of Cortactin Translocation in Simvastatin-Induced Barrier Enhancement
Cortactin, an actin-binding protein that translocates to the cell periphery, is involved in cortical actin polymerization and potentially in promoting barrier integrity (20, 21) . In some cell systems, including shear stress, cortactin translocation is mediated by the activation of Rac (22) . Accordingly, because of the growing recognition of its role as a key effector of cortical actin dynamics, we sought to characterize cortactin responses in simvastatintreated HPAEC. Immunofluorescent studies confirmed evidence of cortactin translocation in simvastatin-treated (5 M) HPAEC beginning at 2 h and persisting for 16 h ( Figure 3C ). These findings were accentuated within 5 min of thrombin stimulation (1 U/ml) and remained evident 2 h after thrombin, suggesting a prolonged simvastatin effect. Thus, simvastatin-mediated barrier protection occurs only after Ͼ 6 h of pretreatment, a time course entirely consistent with the alterations in Rac activity and cortactin.
Differential Gene Expression and Protein Synthesis Induced by Simvastatin
As noted, barrier protection was only observed following sustained simvastatin pretreatment (Ͼ 6 h), suggesting the possibility that changes in gene expression and protein translation may contribute to this vascular-protective response. To explore this possibility, human EC were treated with either simvastatin (5 M) or vehicle for 24 h and RNA isolated for Affymetrix microarray analysis as described. Using conventional Affymetrix MAS software, marked changes in expression (у 2-fold) were noted in 74 upregulated genes and 151 downregulated genes after simvastatin. Several genes that encode for proteins reported by our lab and by others to be involved in thrombin-mediated cytoskeletal dynamics and barrier regulation, including caldesmon (23) , and the thrombin receptor PAR-1, were dramatically downregulated (Table 1 ). In addition, integrin ␤4, a protein known to be involved in cell-cell adhesion (24) , was dramatically upregulated. Rac1 was also upregulated, as were specific guanine nucleotide exchange factors (GEFs), potential regulators of preferential Rho GTPase activity. Consistent with the known 
min). Positive and negative controls (Rac-GTP and Rac-GDP, respectively) were separately prepared. Rac-GTP was pulled down with a PAK1-GST fusion protein and samples subjected to Western blotting and detection with anti-Rac1 antibody (B ). Although not evident at early time points (р 2 h), Rac activation is increased at 16 h in simvastatin-treated cells relative to vehicle (n ϭ 3). To characterize cortactin translocation HPAEC were grown on coverslips, treated with simvastatin (5 M, 16 h), and stained for cortactin (C ). Vehicle cells revealed a diffuse cortactin distribution that was markedly increased after thrombin. In contrast, simvastatin-treated EC demonstrated peripheral cortactin translocation (small arrows) that remained evident after thrombin stimulation (1 U/ml, 5 min), persisting for 2 h after thrombin (not shown). Bar, 10 M.
inhibitory effects of simvastatin on Rho activity, RhoA and RhoC genes were upregulated and Rho GDP dissociation inhibitor was downregulated, which we interpret as a compensatory response. These data indicate that simvastatin directly affects expression of specific genes related to Rho GTPase signaling and cytoskeletal regulation. Select gene expression data were validated by Western blotting of HPAEC lysates treated with vehicle or simvastatin (5 M, 16 h) for integrin ␤4 and caldesmon ( Figure 4A) .
Finally, to further analyze our microarray data we employed MAPPFinder (18), a tool that incorporates annotations of the Gene Ontology (GO) project (25) with GenMAPP, a free software package that allows microarray data to be analyzed by microarray pathway profiles (MAPPs) (26) ( Table 2) . GO terms associated with increased (у 30%) gene expression in response to simvastatin included transcriptional repressor genes and structural constituents of the cytoskeleton. Highly consistent with the known action of simvastatin, there were increases in protein prenylation pathways genes and various regulators of the small GTPases. Along with increases in transcription repressor genes, we also observed a decrease in mRNA processing genes suggesting an overall suppression in transcription by simvastatin, including the thrombin receptor and Rho GDP-dissociation inhibitor pathway genes which exhibited decreased expression (у 30%), findings that corroborate and expand on our initial analysis with respect to individual genes (Table 1) .
To establish the role of differential gene expression and downstream effects on protein synthesis in simvastatin-induced EC barrier protection, we used cycloheximide, a protein synthesis inhibitor. TER measurements of HPAEC grown to confluence and then incubated in complete media with both simvastatin (5 M) and cycloheximide (10 g/ml) simultaneously (16 h) Microarray analysis was employed to identify changes in gene expression induced by human EC treatment with simvastatin (5 M) for 24 h (n ϭ 2). Data were pooled and normalized. Genes related to regulation of the cytoskeleton were specifically queried and those with significant changes in expression identified. demonstrated a loss of barrier protection after thrombin stimulation (1 U/ml) relative to HPAEC treated with simvastatin alone (5 M, 16 h) ( Figure 4B ). Next, we measured Rac activation in this setting. As total Rac was notably decreased in response to cycloheximide treatment, our results were normalized to total Rac. Compared with HPAEC treated with simvastatin alone (5 M, 16 h), Rac activation was significantly attenuated ‫ف(‬ 60% decrease) by treatment with simvastatin (5 M, 16 h) in the presence of protein translation inhibition by cycloheximide (10 Figure 4 . Differential gene expression and protein synthesis induced by simvastatin. Genes demonstrating significant changes in expression in response to simvastatin were identified and validated by Western blotting. Consistent with microarray data, expression of caldesmon is significantly decreased ‫ف(‬ 2-fold change) in simvastatin-treated (5 M, 16 h) HPAEC, whereas integrin ␤4 is dramatically increased (Ͼ 10-fold change) (A ). To confirm the role of simvastatininduced protein synthesis in EC barrier protection, HPAEC were grown on gold microelectrodes to measure TER. In response to thrombin stimulation (1 U/ml), simvastatin-induced (5 M, 16 h) barrier protection was abrogated by the simultaneous treatment with cycloheximide (CHX, 10 g/ml, 16 h) (B ) (n ϭ 3). To characterize the role of Rac activation in this setting, HPAEC were grown to ‫ف‬ 75% confluence and then treated with vehicle, simvastatin (5 M, 16 h), cycloheximide (CHX, 10 g/ml, 16 h), or both simvastatin and cycloheximide. Activated Rac (Rac GTP) was measured as described. Rac activation, normalized for total Rac, was significantly decreased in cells simultaneously treated with simvastatin and cycloheximide relative to cells treated with simvastatin alone (n ϭ 2) (C ). g/ml, 16 h) ( Figure 4C ). Although there are clear limitations of prolonged cycloheximide treatment, these data implicate a requirement for protein synthesis for full expression of simvastatin EC barrier-protective properties.
Discussion
Although direct beneficial effects of statins on the endothelium have previously been reported, the mechanisms involved remain poorly characterized. In this study, we have focused on the EC cytoskeleton and barrier regulation and determined that prolonged simvastatin treatment dramatically attenuates EC barrier disruption evoked by thrombin (as measured by TER). These physiologic effects occur in concert with cytoskeletal modulation resulting in the abolishment of actin stress fibers and attenuation of paracellular gap formation. Of note, significant reductions in MLC phosphorylation by simvastatin were most pronounced under basal conditions, possibly reflecting the prominent contribution of MLCK to these events in response to thrombin stimulation. Nonetheless, these results are consistent with the increasing literature that the statins are potent inhibitors of Rho GTPase. In this regard, inhibition of prenylation of the Rho family GTPases has been proposed as an important mechanism to account for the effects of simvastatin on the endothelium. Specifically, inhibition of Rho by simvastatin attenuates actin stress fiber formation promoted by Rho kinase via its capacity to inhibit MLC phosphatase activity. Indeed, simvastatin effects on MLC phosphorylation and stress fiber formation are extraordinarily Figure 5 . Paradoxical effects of simvastatin on EC Rho family GTPases. Simvastatin inhibits HMG CoA reductase, thus blocking the prenylation pathway (A ) and downstream products including the farnesylated proteins such as cholesterol (B ), and the geranylgeranylated proteins which include the Rho family GTPases (C ). As would be predicted, simvastatin inhibits Rho. However, Rac is paradoxically activated. Although the mechanisms are unclear, specific GEFs upregulated by simvastatin are potential candidates. similar to our prior results with botulinum toxin C3, a Rho kinase inhibitor (27) .
Aside from Rho kinase effects on MLC phosphatase, however, Rho is also known to regulate additional intracellular enzymatic targets including endothelial NOS (28) . Several investigators have reported a direct effect of simvastatin on NOS and NO production, presumably via Rho inhibition. However, we failed to demonstrate that inhibition of NOS by L-NAME altered either thrombin-induced TER changes in EC or the simvastatin protective response. Thus, our findings implicate a unique mechanism of action and further elucidate the pleiotropic properties of this class of drugs.
A highly novel and unexpected finding in the present study was prominent cortical actin thickening induced by simvastatin, results which we have previously noted with diverse barrierprotective agonists and biophysical stimuli (15, 19, 20) . This observation suggested potential Rac GTPase activation as a mechanism for the cortical rearrangement and barrier protection. Rho inhibition by statins has previously been demonstrated; Analysis of microarray data with MAPPFinder identified Gene Ontology (GO) terms with high levels of gene-expression changes. The z score represents the relative degree of change for a given GO term with a greater z score indicative of results less likely to be due to chance. GO terms of interest with a fold change of at least 1.3 and a z score у 2 were identified.
however, the effect of statins on Rac remains unclear. Whereas Rac inhibition by statins has been reported in cardiomyocytes (29) and smooth muscle cells (30), a recent study described increased Rac-GTP in EC after prolonged statin treatment (31) . However, these investigators observed that despite increased Rac-GTP, Rac-dependent signaling was inhibited. The apparent discordance between the role for Rac in cortical actin rearrangement, which we have previously observed, and the predicted inhibition of Rho GTPases including Rac by statins, led us to investigate the direct effect of simvastatin on human lung EC Rac activity. Our results now strongly support simvastatinmediated Rac activation with profound effects on cytoskeletal rearrangements.
These results are consistent with our prior observations that Rac activation is commonly linked to other EC barrier promoting agents such as Sph 1-P (15), HGF (19) , and mechanical shear stress (20) , and is associated with translocation of cortactin to the cell membrane. Simvastatin induced prominent time-dependent Rac activation and cortactin translocation, leading us to speculate that this may be an important determinant of enhancement of barrier function. That these events are common to each of these otherwise distinct biophysical and bioactive agonists suggests that they are critical determinants of EC barrier enhancement. Our findings suggest for the first time that Rac-dependent signaling (peripheral actin polymerization) and cortactin translocation is evoked by simvastatin.
Cortactin, a multidomain actin-binding protein that stimulates and stabilizes actin polymerization, is found in peripheral areas of dynamic cytoskeletal rearrangement, where it participates in cell migration and tumor invasion (32, 33) . Although the functional contribution of cortactin to the barrier-promoting effects of simvastatin is still being characterized, our current concepts of barrier enhancement involve a key role for cortactin in barrier-enhancing cytoskeletal rearrangement (9) . We now report that cortactin is concentrated at the cell periphery in response to simvastatin, a finding that mirrors Sph 1-Pstimulated effects and strongly suggests that cortactin may play a similar regulatory role in simvastatin-induced barrier regulation. Ongoing studies are exploring the potential mechanisms through which cortactin modulates these effects. A unique feature of simvastatin-induced EC barrier protection, however, is the absence of a significant effect on basal EC integrity as measured by TER. This is in contrast to Sph 1-P and HGF, which also induce Rac activation and cortactin translocation, but dramatically increase basal TER values. The mechanisms underlying these different characteristics are unknown, but suggest an important distinction between specific receptor agonists (Sph 1-P, HGF) and simvastatin. Additionally, the unique effects of simvastatin are further evidenced by the marked delay in Rac activation (16 h) compared with shear stress, Sph 1-P or HGF (within 5 min).
Simvastatin-induced Rac activation was unexpected as, given statin inhibition of the prenylation pathway, the downstream inhibition of Rac would actually be predicted ( Figure 5 ). One potential explanation for this paradoxical observation is that the inhibition of prenylation preferentially inhibits Rho and, via a normally tonic inhibitory effect on Rac, effectively increases Rac activation. This would be consistent with previous observations of a direct interaction between Rho and Rac in fibroblasts (34) . A second possibility is that specific effectors of Rac activation, independent of the prenylation pathway, are induced by simvastatin either directly or in response to transcription-regulated Figure 6 . Differential expression of cytoskeletal genes in response to simvastatin. Simvastatin (5 M, 24 h) induced the differential expression of specific EC cytoskeletal-regulatory genes identified by cDNA microarray experiments. Consistent with the barrier-protective properties of simvastatin, integrin ␤4 and thrombomodulin were dramatically upregulated, whereas PAR-1 and caldesmon were downregulated. RhoA, RhoC, and Rho GAP 4 were upregulated, possibly as a compensatory response to the inhibition of Rho activation by simvastatin, as was Rac1. Several genes of interest, including cortactin, remained unchanged. gene expression. Rac and Rho cycling between GTP-(active) and GDP-bound (inactive) states is regulated by numerous exchange factor proteins classified as GEFs, which facilitate the exchange of GDP for GTP, GAPs (GTPase-activating proteins, which increase the rate of GTP hydrolysis by Rho GTPases), and RhoGDI (guanine nucleotide dissociation inhibitors, which associate with inactivated Rho and Rac) ( Figure 6 ) (35, 36) . A number of GEFs are known to target multiple GTPases, whereas others specifically target Rac (Tiam1, Vav2, ␤PIX, GEF-H1) or Rho (p115RhoGEF, p190RhoGEF, LARG) (36, 37) . We speculate that simvastatin treatment results in the activation or upregulation of Rac-specific GEF(s) that promote the exchange of GDP for GTP in the Rac guanine nucleotide binding site. This hypothesis is supported by the finding that simvastatininduced Rac activation and EC barrier protection were inhibited by the protein synthesis inhibitor, cycloheximide. Further studies elucidating Rac-specific GEFs in simvastatin-induced Rac activation are underway.
Finally, consistent with the time course of the EC-protective effects of simvastatin, microarray analysis revealed Rac1 gene upregulation as well as upregulation of RhoA, RhoC, and Rho GAP 4, and downregulation of RhoGDI. The effect of simvastatin on Rho and Rho-related proteins likely represents compensatory responses to the inhibition of Rho activation. The increase in Rac1, however, is unexpected given the demonstrable Rac activation after simvastatin. The significance of these changes is unclear, but we have demonstrated significant and verifiable changes in the expression of specific proteins in response to simvastatin (integrin ␤4, caldesmon). That simvastatin is able to induce marked gene expression and is able to activate Rac, which is notably inhibited by cycloheximide, suggests that specific effectors of Rac activation exist but are yet to be identified.
One particular protein of interest is integrin ␤4, as we have identified its expression (gene and protein) to be dramatically upregulated by simvastatin. This finding is consistent with the observed EC simvastatin response given evidence of a role for integrin ␤4 in cell-cell adhesion (24) and reports of the differential regulation of Rho GTPases by other integrin ␤ subunits, potentially via GEF intermediates (38) . Indeed, the possibility that Rac activation may be mediated by integrin ␤4 would also account for the unique time course of this event as simvastatin-induced protein synthesis is inherently a delayed effect. Further explora-tion of a possible correlation between integrin ␤4 upregulation and subsequent Rac activation by simvastatin is warranted.
We identified several other EC barrier-regulatory genes differentially expressed in response to simvastatin ( Figure 6 ). In particular, the downregulation of the thrombin receptor, PAR-1, and the significant upregulation of thrombomodulin, a transmembrane EC surface glycoprotein that promotes thrombin inhibition and increases activated protein C (39), a potent acute-coagulant, are consistent with a simvastatin-induced EC thromboresistant phenotype, characteristic of a tight vascular barrier. We also noted significant downregulation of caldesmon, an actin-, myosin-, and calmodulin-binding cytoskeletal protein that serves as regulator of contractile activity in response to barrier-disruptive agonists, including thrombin (23) . Additional temporal studies of simvastatin-induced gene expression may identify potential targets for further investigation.
As noted, barrier protection as measured by TER was evident only after prolonged simvastatin treatment (16 h), leading us to focus on the biochemical events associated with this time course. However, we did appreciate evidence of cytoskeletal rearrangement after only 2 h of simvastatin that did not correspond to changes in MLC phosphorylation or Rac activation and did not confer barrier protection. This suggests induction of distinct signaling events outside of our focus and underscores the overall intricacy of simvastatin effects on the endothelium that remain to be fully characterized.
In summary, our findings are consistent with the concept that statins have potent beneficial effects on vascular function via modification of intracellular events that drive cellular contraction, paracellular gap formation, and increased vascular permeability. Although regulation of the endothelial cytoskeleton is complex, we have identified Rho kinase inhibition, Rac activation, and cortactin translocation in response to simvastatin, and speculate that these events are critical determinants of its effects on EC barrier function. Given the availability, affordability, and relatively favorable safety profile of this class of drugs, the statins warrant consideration as possible therapeutic options for various vascular pathobiologies including acute lung injury as well as other syndromes of organ dysfunction characterized by vascular leak.
